Context. HH 444 is one of the first Herbig-Haro (HH) jets discovered within a photoionized region.
Introduction
HH 444, a Herbig-Haro (HH) object in the vicinity of σ Orionis, is one of the first jets detected within a photoionized region (Reipurth et al. 1998) . The NE outflow lobe has a chain of aligned knots extending ∼20 away from the source (V510 Ori) and a bow shock structure ∼2 .7 away from V510 Ori. Reipurth et al. (1998) presented images and low dispersion spectra of this object. López-Martín et al. (2001) presented two long-slit spectra (of the base of the HH 444 jet, and of the bow shock) and compared the observations with a numerical simulation of an externally photoionized, variable ejection velocity jet. Finally, Andrews et al. (2004) presented a long-slit spectrum of the jet/counterjet system within ∼7 from V510 Ori as well as an Hα and a [S II] 6716+30 HST image of the outflow (not including the HH 444 bow shock at ∼3 from the source, see above).
Since the discovery of HH 444 (Reipurth et al. 1998 ), a considerable number of HH jets within photoionized regions have been found. For example, report the discovery of several HH jets within the outskirts of M 42 and in NGC 1333 (also see . Many of these jets show remarkable, curved structures, which have been interpreted as the interaction between the HH outflows and a streaming external medium (which could result e.g. from the expansion of the H II region). This type of curved morphology has been modeled in some detail both analytically (Cantó & Raga 1995) and numerically (Lim & Raga 1998; Masciadri & Raga 2001; Ciardi et al. 2008) .
Both its less complex structure and the detailed available observations render HH 444 a candidate for studying whether or not a variable ejection jet model can reproduce the observed knot structures. A similar comparison was previously done e.g. for the DG Tauri microjet , HH 34 (Raga & Noriega-Crespo 1998) , HH 111 and HH 32 (Raga et al. 2004 ).
The only externally photoionized jet that was modeled in this way is HH 444. López-Martín et al. (2001) computed 3D, variable jet models from which they obtained predictions of position-velocity diagrams (which they then compare with the observed long-slit spectra of the HH 444 jet base). They studied the effects of having a non-zero initial opening angle for the jet, and of a non-top hat initial cross section.
We first re-analyze the HST images of Andrews et al. (2004) . We we use a wavelet analysis technique (Riera et al. 2003) to determine the angular sizes across the outflow axis of the knots in the two outflow lobes (Sect. 2). We then compute a grid of photoionized, single-mode variable ejection velocity, axisymmetric jet models (Sect. 3) from which we obtain Hα maps that can be directly compared with the Hα HST image of HH 444 (Sect. 4). We discuss the time evolution predicted for the Hα maps and the effects of having different orientations between the outflow and the plane of the sky. Finally, we discuss a two-mode variable ejection velocity jet model (Sect. 5).
The Hα and [S II] images of HH 444

HST images
The 
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1 archive. The images were obtained on 2000 January 25 with the WFPC2 on HST through the F656N and F673N filters. HH 444 was placed on the WF4 CCD which has a plate scale of 0. 1 pixel −1 . Four exposures were obtained with each filter giving a total exposure time of 5100 s (for Hα) and 5200 s (for [S II]). These images were originally part of the Cycle 8 proposal 8323 (P.I.: B. Reipurth). For details of the observations see Andrews et al. (2004) . The retrieved data were processed with the HST pipeline used at the Canadian Astronomy Data Centre (CADC).
Morphological analysis
In Figs. 1 and 2 we show the Hα and [S II] images of HH 444, where we can see the structure of the jet/counterjet close to the outflow source. The knots were named following the nomenclature used by Reipurth et al. (1998) .
As previously reported by Andrews et al. (2004) , the [S II] emission displays a chain of compact knots emanating from the outflow source up to 12 from the stellar centroid. The inner region of the jet (i.e., knot A) is dominated by [S II]. The Hα emission of the jet extends up to ∼20 from the stellar centroid (i.e., to larger distances than the [S II] emission). The inner part of the Hα jet is more diffuse than its [S II] counterpart.
In order to assess the width of the HH 444 jet as a function of distance from the central source, we have applied a wavelet transform analysis. This method for deriving the width of a jet is mathematically more complex than the "standard" method of fitting a function (e.g., a Gaussian profile) to the cross section of the jet and then using the characteristic width of this function as an estimate of the jet width (this approach dates back to the papers of Raga & Mateo 1988; Bührke et al. 1988) .
We first attempted to fit Gaussians to the cross section of the HH 444 jet in the HST images. We find that this does not produce satisfactory results for two reasons:
-the signal-to-noise of the images is quite poor (because of this, Andrews et al. 2004 actually show spatially smoothed images), -the substraction of the background emission is not straightforward, particularly in the region close to the jet source (in which a strong reflection nebula with a complex morphology is present).
A wavelet analysis technique is more appropriate in this case, since it is based on convolutions with spatially extended functions (which mitigates the signal to noise problem), and automatically separates the emission in different spatial scales (so that no special treatment is necessary for separating the jet from the background emission). We therefore adopt the procedure developed by Riera et al. (2003) , who analyzed images of the HH 110 jet with a wavelet technique. We rotated the Hα and [S II] emission maps so that the outflow axis is parallel to the ordinate. On these rotated images, we then carried out a decomposition in a basis of anisotropic wavelets. Following Riera et al. (2003) we used a basis of "Mexican hat" wavelets:
where
, and a x , a y are the scale lengths of the wavelet along the x− and y−axis, respectively. We then chose a range for a x and a y (which are taken to have integer values, from 1 to 30 pixels) and then computed the transform maps T a x ,a y (x, y) for the Hα and [S II] images.
On the observed intensity map we fixed the position of y and found the value of x m , where the intensity map has a local maximum close to the outflow axis. For the positions (x m , y), where the intensity I(x m , y) has a maximum (along the y-axis), we plotted the 2D spectrum T a x ,a y (x m , y). In each of these spectra we found the peak in the spectral, (a x , a y )-plane, which we denoted (a x,m , a y,m ). This peak gave us the characteristic size across (a x,m ) and along (a y,m ) the outflow axis of the knot structures present at the position (x m , y). The width (a x,m ) as a function of position y along the jet obtained in this way are shown in Figs. 1 and 2 (for Hα and [S II], respectively).
We first describe the characteristic widths (sizes across the jet axis) of the jet in the Hα image. Figure 1 shows the a x,m values as a function of position y (where y increases with distance from the outflow source). Along knot A (i.e., the innermost region) the width of the jet increases more or less monotonically from a value of 0. 2 (basically unresolved) up to 0. 8 (for y = 3 → 7 ). At the inner edge of knot B, we see that a x,m suddenly grows (adopting values of up to 1. 5). Along knots B and C (y = 8 → 13 ) the width grows from a value of 0. 6 to 1. 2. Knot D shows the highest values of a x,m , with values in the range from 1. 0 to 2. 0. The width of the counterjet remains unresolved at the present spatial resolution.
In the red [S II] image ( Fig. 2) , we obtain widths that are approximately 0. 1 smaller than the Hα widths for knots A, B and C. The width of the counterjet is again unresolved. López-Martín et al. (2001) found that to model the long-slit spectrum of the HH 444 jet base, a variable ejection velocity jet model with a sinusoidal variability with a mean velocity v 0 ∼ 200 km s −1 , a half-amplitude Δv ∼ 50 km s −1 and a period τ ∼ 100 yr was appropriate. These authors also deduced an angle φ ≈ 40
The model parameters
• between the outflow axis and the plane of the sky (from the maximum and minimum radial velocities observed in the HH 444 bow shock).
In the present work, we study a grid of models with a sinusoidal ejection velocity variability:
with mean velocity v 0 = 180 km s −1 and all the combinations of half-amplitudes Δv = 30, 60 km s −1 and periods τ = 50, 100, 200 yr. The six resulting models are tabulated in Table 1 .
The six jet models have top-hat initial cross sections with a radius r j = 5 × 10 14 cm (corresponding to ∼0. 07 at a distance of 450 pc), number density n j = 10 5 cm −3 and temperature T j = 10 4 K. These parameters give a mean mass-loss ratė M j = 4.81 × 10 −8 M yr −1 for the jet. The jet moves into a uniform environment with density n env = 100 cm −3 and temperature T env = 10 4 K. The time-integrations are computed with a cylindrically symmetric version of the "yguazú-a" code in a 4-level, binary adaptive grid with a maximum resolution of 1.46×10 14 cm along the two axes. A detailed description of the "yguazú-a" code is given by Raga et al. (2000a) .
We consider that hydrogen is fully ionized throughout the computational grid, and we impose a minimum temperature of 10 4 K (for higher temperatures, the parametrized cooling function of Raga et al. 2000b is included) . This is an approximate way of simulating a fully photoinized jet.
We note that Raga et al. (2000c) estimated that the HH 444 flow would become fully photoionized by the external UV radiation field at a distance of ∼10 16 cm from V510 Ori. Therefore, the approximation of a fully photoionized flow is incorrect for distances smaller than ∼10 16 cm from the outflow source. The simulations were carried out in a (15.0, 3.75) × 10 16 cm (axial × radial) cylindrical grid, with reflection conditions on the symmetry axis and on the jet/counterjet symmetry plane and trasmission conditions in the other grid boundaries. We carried out 500 yr time integrations, in which the leading working surface of the jet leaves the computational domain. At the later integration times we see the emission from the knots close to the outflow source (formed by the ejection velocity variability) without the contribution from the jet's head and its extended bow shock wings.
In the rest of the paper we assume a distance D = 450 pc to the HH 444 outflow. This distance is used to scale the model predictions so that they can be directly compared with the observations.
The Hα maps
Maps obtained from all models
We now assume that the jet axis lies at a φ = 45
• angle with respect to the plane of the sky (consistent with the angle determined for HH 444 by López-Martín et al. 2001) , and compute Hα maps from the t = 375 yr flow stratifications obtained from models M1-M6 (see Table 1 ). The maps are obtained by integrating the Hα emission coefficient (obtained from the H recombination cascade) along lines of sight.
The resulting maps are shown, together with the Hα image of HH 444, in Fig. 3 . From this figure, it is evident that the models produce a well collimated, narrow Hα emitting region close to the source and broad knots at larger distances, qualitatively resembling the emission from the HH 444 jet base and from the knots HH 444B and C. Models M1 and M2 (with a τ = 50 yr variability period, see Table 1 ) reproduce the separation between knots B and C. However, a well-defined Hα knot is seen at ∼4 from the source, which does not exist in HH 444. Models M3 and M4 (with τ = 100 yr) have two knots, which have a separation a factor of ∼2 larger than the separation beween HH 444B and C. Finally, models M5 and M6 (with τ = 100 yr, see Table 1 ) have a single knot at the position of HH 444C.
It is clear that while all models have qualitative similarities to the observations, it appears that the Hα emission structure of HH 444 cannot be reproduced by a model with a single-mode, periodic ejection variability. In order to obtain the correct knot separations it will be necessary to consider at least a two-mode ejection variability model (like the one explored by Raga & Noriega-Crespo 1998) , or possibly a non-periodic ejection variability (like the one recently explored by Yirak et al. 2009 ). A two-mode ejection variability model is presented in Sect. 5.
It is also clear that in the region close to the source the relative Hα emission from the jet base predicted from all models is A&A 517, A20 (2010) Fig. 3 . HH 444 Hα image (left) and Hα images predicted from models M1-M6 (labeled on the bottom left of each frame) for a t = 375 yr timeintegration. The images were computed assuming a φ = 45
• orientation angle between the outflow axis and the plane of the sky. The HH 444 image is depicted with the logarithmic scale given at the top of the left frame (in erg s −1 sterad −1 ) and the predicted images are depicted with the scale given at the top of the right frame (in the same units). Both scales cover a dynamic range of 3 orders of magnitude. The displayed domain has an axial (vertical) extent of 12. 6, corresponding to 8.5 × 10 16 cm at 450 pc. much stronger than that observed in HH 444. In order to reconcile the observations and model predictions it is therefore necessary to invoke a relatively strong circumstellar extinction close to V510 Ori.
The time-evolution of the Hα maps
We now focus on model M4 (with τ = 100 yr and Δv = 30 km s −1 , see Table 1 ) and compute a time-series of Hα maps covering a full ejection variability period. The resulting maps are shown in Fig. 4 .
In this time-series, we see the formation of a knot at ∼5 from the source (in the t = 375 yr frame of Fig. 4 ). This knot travels away from the source and grows in angular size, and in the last two time-frames (t = 450, 475 yr) reaches the position of the HH 444B and C knots.
The t = 475 yr frame corresponds to a full ejection variability period after the t = 375 yr frame (the last and first frames of Fig. 4, respectively) . These two Hα maps are very similar, with the exception that the knot at ∼10 from the source is fainter in the t = 475 yr frame. This is because the cocoon gas is progressively evacuated from the computational domain, resulting in lower pre-shock densities for the successive bow shocks travelling away from the source.
The orientation with respect to the plane of the sky
We now consider the t = 375 yr frame of model M4 (see Fig. 4 ), and compute Hα maps for different angles φ between the outflow axis and the plane of the sky. For φ = 0 we have a knot at ∼10 from the source. This knot has a flat, bow-shaped emission structure, which does not resemble the round morphology of the knots HH 444B and C.
As we go to higher values of φ, the simulated knot approaches the source and develops a rounder morphology. For φ ≥ 30
• the morphology of the simulated knot resembles the structures of the HH 444B and C knots.
From this we conclude that the morphologies observed for the HH 444B and C knots are consistent with the morphologies found for the emission from internal working surfaces when the outflow axis is at an angle φ ≥ 30
• with respect to the plane of the sky. This result is consistent with the φ = 40
• angle (between the outflow axis and the plane of the sky) determined by López-Martín et al. (2001) for the HH 444 outflow.
A two-mode ejection velocity variability model
The Hα maps
The available observations of HH 444 are not sufficient to constrain a two-or three-mode ejection variability. This was possible in the past for objects in which more extensive kinematic information (i.e., of a spatially more extended region along the outflow axis) as well as proper motions are available. Examples of this are HH 34 and HH 444 (see Raga et al. 2002) and HH 30 (Anglada et al. 2007; Esquivel et al. 2007) . For this reason, we only present one two-mode ejection velocity variability model to illustrate that it is indeed possible to produce knot structures that resemble the HH 444 jet. We choose a model that has a velocity variability with two sinusoidal modes with half-amplitudes Δv 1 = 30 km s −1 and Δv 2 = 60 km s
and corresponding periods τ 1 = 50 yr and τ 2 = 260 km s −1 .
The mean velocity v 0 = 180 km s −1 , and the remaining parameters of the models are identical to those of models M1-M6 (see Sect. 3). The computation is done (as in models M1-M6, see Sect. 3) in a 4-level, binary adaptive grid with a maximum resolution Δx = 1.46 × 10 14 cm (along the two axes). In Fig. 6 we present a comparison between the Hα image of HH 444 and a time-series of Hα maps computed from the two-mode ejection velocity variability jet model. It is clear that a number of time-frames (e.g., the maps obtained for t = 350, 375, 425, and 600 yr) have knot distributions that qualitatively resembles the HH 444 knot structure. • orientation angle between the outflow axis and the plane of the sky) predicted from the two-mode ejection velocity variability model described in Sect. 5 for a t = 400 yr integration time. The three maps correspond to three simulations with maximum resolutions Δx = 1.46 × 10 14 cm (the "low" resolution model), 7.32 × 10 13 cm ("medium" resolution) and 3.66 × 10 13 cm ("high" resolution) along the two axes. The images are depicted with the scale given at the top of the right frame (in erg cm −2 s −1 sterad −1 ). The displayed domain has an axial (vertical) extent of 8.5 × 10 16 cm.
Convergence study
We use this two-mode jet model to illustrate the numerical convergence of our simulations. All results presented above were obtained using a 4-level, binary adaptive grid with a maximum resolution Δx = 1.46 × 10 14 cm (along the two axes). This implies that the initial jet radius (r j = 5 × 10 14 cm, see Sect. 3) is only resolved with three grid points. While the resolution of the jet beam improves at larger distances from the source (due to the lateral expansion of the beam), this is indeed a rather low resolution, and one might suspect that the results will change for higher resolutions.
In Fig. 7 we show the t = 400 yr Hα map obtained from our two-mode jet model computed with three different maximum resolutions: Δx = 1.46 × 10 14 , 7.32 × 10 13 and 3.66 × 10 13 cm (computed in binary grids with 4, 5 and 6 levels, respectively). From this figure, it is clear that while the general morphology of the predicted Hα maps does not change with increasing resolution of the simulation, the fluxes of the knots do change.
This change in Hα intensity as a function of resolution is shown in Fig. 8 , in which we plot the peak Hα intensities of the three knots (seen in the t = 400 yr Hα maps, see Fig. 7 ) as a function of maximum resolution Δx of the simulations. If we look at the brightest knot, we see that the peak Hα intensity drops by a factor of ∼3.4 when going from the Δx = 1.46 × 10 14 to the Δx = 7.32×10 13 cm resolution. Its peak Hα intensity again drops when going from the Δx = 7.32×10
13 to the Δx = 3.66×10 13 cm resolution, but only by a factor of ∼2.0. Similar results are found for the other two knots.
These results indicate that at least a partial numerical convergence is obtained for the Hα intensity maps when we reach our highest, Δx = 3.66 × 10 13 cm resolution. We then use this higher resolution simulation to compute the jet width as a function of position, with relative confidence that the results are quantitatively meaningful. This is described in the following section.
Width vs. position
Let us now explore whether or not our two-mode jet model results in a width vs. position distribution which resembles the one Fig. 8 . Peak Hα intensity of the three knots seen in the images predicted from the 2-mode, variable ejection jet model (see Fig. 7 ) as a function of the maximum resolution of the simulation. The crosses give the Hα intensity of the knot closest to the source, the triangles correspond to the second knot, and the circles to the third knot. Fig. 9 . Hα map (right) predicted from the two-mode ejection variability model (see Sect. 5) for a t = 400 yr time-integration. The map was computed assuming a φ = 45
• orientation between the jet axis and the plane of the sky. The left plot shows the jet width vs. position dependence recovered from the predicted Hα map using the wavelet analysis technique (described in Sect. 2.2). Two successive contours correspond to a factor of 2.
observed in the HH 444 jet (see Sect. 2.2) . For this analysis we consider the t = 400 yr Hα map computed from our higher resolution simulation (with minimum cell size Δx = 3.66 × 10 13 cm, see Sect. 5.2).
When applying the wavelet analysis to this synthetic image, we obtain the width vs. position shown in Fig. 9 . From this figure we see that we obtain a region extending to ∼2 from the source in which the jet width is ∼0. 1, basically unresolved at the resolution of the HST images. The first knot (at a distance of ∼3. 5 from the source) has a width of ≈0. 3, and the second knot (at a distance of ∼7 from the source) has a width of ≈0. 6.
We note the interesting effect seen at ∼5 from the outflow source (see Fig. 9 ). In this inter-knot region, the width determined for the jet beam (from the wavelet analysis) blows up, attaining values of several arcseconds. This is probably because in the inter-knot regions the spatial scale of the emission is dominated by the distance to the neighbouring knots. These broadenings in the faint inter-knot regions are generally obtained in width determinations based on wavelet analyses (see Figs. 1 and 2), and a similar effect is also obtained when fitting Gaussian functions to the jet cross-section, provided that data with a high enough signal-to-noise ratio are used (see Raga et al. 1991) .
Comparing these results with those obtained from the Hα map of HH 444 (see Sect. 2.2 and Fig. 1) , we see that though the positions of the knots in the simulated jet do not coincide with those of the HH 444 knots, a general agreement is obtained between the observed and predicted width vs. position. Both show an unresolved jet-width region close to the source, and widths of ∼0. 5 for the knots.
Conclusions
We re-analyzed the HST Hα and red [S II] images of HH 444 obtained by Andrews et al. (2004) . We applied the non-parametric wavelet analysis technique of Riera et al. (2003) to calculate the width vs. position along the HH 444 jet. From this analysis we found that the jet width is basically unresolved (in both Hα and [S II]) close to the source, and grows to widths of ∼0. 6 → 1 in the well-defined knots B and C.
We computed a grid of jet models with a single-mode, sinusoidal variability for the ejection velocity, with a range of values for the periods and amplitudes that appears to be appropriate for the knots along HH 444 (Sect. 3). Hα maps computed from all models (assuming a φ = 45
• angle between the outflow axis and the plane of the sky, see Fig. 3 ) produce knots which qualitatively resemble the HH 444 B and C knots. We studied the effect of changing the angle φ (between the outflow axis and the plane of the sky, see Fig. 5 ) and found that the predicted Hα knots resemble the HH 444 knots only for φ ≥ 30
• . This result is consistent with the φ ∼ 40
• orientation of the HH 444 outflow estimated by López-Martín et al. (2001) .
A systematic difference between the model predictions and the observations is that the models show brighter Hα emission close to the outflow source (in a region within ∼3 from the source, see . This result might be consistent with the fact that the region around σ Orionis shows substantial circumstellar emission (possibly including a proplyd tail, see Andrews et al. 2004) , indicating the presence of a dense, circumstellar envelope which may be producing a substantial extinction of the jet emission.
However, we find that the single sinusoidal mode variability models cannot explain the knot spacings observed in HH 444. This problem can be solved by proposing a model with a twomode sinusoidal ejection velocity variability. We illustrate this possibility by computing a two-mode jet model (Sect. 5).
We chose an Hα map predicted from this two-mode model for computing the jet width vs. position with the wavelet analysis technique that we used for analyzing the HH 444 images. We find that the jet has an unresolved region close to the source and that the jet width grows as a function of increasing distance from the source. A comparison between the predictions (Fig. 9 ) and the HH 444 Hα observations (Fig. 1) shows a qualitatively good agreement between the predicted and observed width vs. position.
To summarize, we showed that the Hα HST image of HH 444 has knots with morphologies that agree with the predictions from a variable ejection velocity jet (if one considers an appropriate orientation angle between the jet axis and the plane of the sky). The knot spacings observed in HH 444, however, require at least a two-mode ejection velocity variability.
The two-mode time-variability that we explored is not well constrained by the present observations, and in principle a more complex variability is probably needed. An indication of the necessity of a more complex variability are the knots at larger distances from the HH 444 source: knots G and H, at distances of 114 and 154 (respectively) from the source (Reipurth et al. 1998 ). These knots can in principle be modeled through the introduction of an extra ejection variability mode (a similar morphology in the HH 34 jet was modeled in this way by Raga & Noriega-Crespo 1998) . Instead of a multi-mode variability, a non-periodic variability (see Yirak et al. 2009; Bonito et al. 2010 ) might be present, but the richness of inter-knot spatial scales that is to be expected from a well-sampled random variability (Raga 1992) does not seem to be present in the HH 444 jet.
